Introduction
Rosmarinic acid (RA), an ester of caffeic acid and 3,4-dihydroxyphenyllactic acid (DHPL), is a common secondary compound in species of the Lamiaceae and Boraginaceae. It is of pharmaceu tical interest as it has antiinflammatory, antiviral and antibacterial properties. Beside from this the biosynthesis o f RA is of considerable interest for the elucidation o f regulatory steps in secondary metabolism. The system of RA biosynthesis has proven to be a suitable model, because this path way consists o f only a few enzymatic steps. F ur therm ore, cell suspension cultures of Coleus blumei accumulate alm ost exclusively RA and in very high am ounts (up to 20% of the dry weight of the cells [1] ). The RA production o f the used suspen sion o f C. blumei can be enhanced by raising the sucrose content o f the culture medium from 2% to 
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Verlag der Zeitschrift für N aturforschung, D-7400 Tübingen 0939-5075/91/0500-0371 $01.30/0 4% [1] , The enzymes of RA biosynthesis are now known to a great part. Ellis and Towers [2] showed that the caffeic acid moiety of the RA molecule is derived from phenylalanine, whereas the 3,4-dihydroxyphenyllactic acid part is formed from tyro sine. Phenylalanine is metabolized by the enzymes of the general phenylpropanoid metabolism, i.e. phenylalanine am m onia lyase (PAL), cinnamic acid 4-hydroxylase and cinnamic acid CoA-ligase [3] . The entrypoint enzyme o f the tyrosine-derived pathway of RA biosynthesis has been identified to be tyrosine am inotransferase [4] . Petersen and Alfermann [1] have shown that the product of the transam ination of tyrosine, p-hydroxyphenylpyruvate (pHPP), is reduced to /?-hydroxyphenyllactate (pHPL) by a specific reductase. The two moieties of the parallel pathways are connected by rosmarinic acid synthase in a transesterification reaction. To date it is not known precisely at which stage of the biosynthesis the two hydroxyl groups in position 3 of the phenolic rings of the RA mole cule are inserted.
The purpose of the present paper is the charac terization o f the hydroxyphenylpyruvate reductase and to report additional inform ation about the regulation of the biosynthesis of RA and the hydroxylation pattern o f the substrates of biosyn thesis.
Cell suspension cultures
Suspension cultures o f Coleus blumei Benth. were derived from a callus culture provided by Dr. B. Ulbrich (A. N atterm ann & Cie., Köln). The suspension cultures were cultivated as described previously [1] and were subcultivated weekly. For the stimulation of rosmarinic acid biosynthesis the cells were transferred into medium with 4% su crose [1] .
Chemicals
3,4-Dihydroxyphenylpyruvate was a gift from Dr. N. Rao, Forschungszentrum Jülich Gm bH, F.R .G . 3,4-Dihydroxyphenyllactate was prepared by enzymatic hydrolysis o f rosmarinic acid as de scribed previously [1] .
Preparation o f enzym e extracts
7 days old suspension cultures of C. blumei grown in a medium with 4% sucrose were filtered under suction. The following extraction steps were performed at 0 -4 °C. The cells were homogenized with an U ltra-Turrax (Janke und Kunkel, Staufen i. B r./F.R .G .) for 90 sec in 0.5 ml buffer (0.1m K H 2P 0 4/K 2H P 0 4, 1 m M DTT, pH 7.0) per g fresh weight together with 10% Polyclar AT. The homogenate was passed through a nylon net and the filtrate was centrifuged at 12,000 x g for 15 min. The supernatant was fractionated by (N H 4)2S 0 4 precipitation (5 0 -6 0 % saturation) by addition of a saturated (N H 4)2S 0 4 solution, which was adjust ed to pH 7.0 with N H 3. The precipitated protein was sedimented at 48,000 x g for 20 min, redis solved in a minimum volume of extraction buffer and desalted on a Sephadex G 25-column (Phar macia, LKB, Uppsala, Sweden).
Assay fo r H P P R
A standard assay contained in a final volume of 0.25 ml buffer (as above, w ithout adding DTT): 0.25 |imol 3,4-dihydroxyphenylpyruvate (DH PP), 0.5 (imol N A D H , 10 nmol ascorbate and 1 |imol DTT. The reaction was started by the addition of 25 |il (approximately 3 0 -4 0 jag protein) of desalt ed enzyme preparation. After 10 min incubation at 30 °C it was stopped by adding 25 |il 6 n HC1. For kinetic studies the reaction time was 5 min. The
Materials and Methods
reaction product was extracted three times with 0.5 ml ethylacetate. After evaporating the organic solvent under vacuum, the residue was redissolved in 0.3 ml of 33% m ethanol/67% water adjusted to pH 3 with H 3P 0 4 (85%). The products were identi fied and quantified by HPLC using a Shandon Hypersil ODS column (5 fim particle size, 29 cm x 4.6 mm) and isocratic elution with 20% methanol/80% water containing 100 [il/l H 3P 0 4 (85%). The flow rate was 1.5 ml m in-1. The reac tion products were detected spectrophotometrically at 280 nm.
Protein determination
Protein concentrations were determined accord ing to Bradford [5] using BSA as a standard.
Results

H P PR activity during the culture cycle o f Coleus blumei suspension cultures
During the characterization of a suspension cul ture of Coleus blumei it was dem onstrated that H PPR activity rises in correlation with RA accu m ulation (Fig. 1) . RA productions starts during the growth phase and probably correlates with the depletion of phosphate from the medium. While the RA content of the cells is enhanced from about 1% of the dry weight in medium containing 2% sucrose to over 10% in medium with 4% sucrose, the specific activity of H PPR is increased approxi mately fourfold. The enzyme assays for the char acterization of HPPR are performed with extracts from cells in the high-producing stage during which also HPPR activity is optimal. In cell cul tures of C. blumei which produce less than 1 % of RA on dry weight basis H PPR activity is not de tectable.
Enzyme properties
HPPR is a soluble enzyme which can be precipi tated between 50 and 60% saturation with am monium sulphate. It reaches optimal activity at an incubation temperature of 35-37 C and at a pH of 6.5-7.0. Under standard assay conditions the reaction proceeds linearly for an incubation time of 60 min and up to a protein concentration of 0.2 mg per assay. The examination of different an tioxidants or effectors on SH-residues shows that neither ascorbic acid nor DTT nor /?-hydroxymercurybenzoic acid influence the enzyme activity sig nificantly. To exclude any disturbing effects of phenolases in the enzyme extract, the influence of diethyldithiocarbaminate, an inhibitor o f pheno lases, on H PPR activity was tested. It appears that this substance does not have any effect on the en zyme activity and thus phenolases also do not in fluence HPPR. The direct testing of a reverse reaction, i.e. an oxidation of D H PL /pH PL to D H P P /pH PP is not possible as the phenylpyruvates are unstable. However, while studying the influence o f the reac tion product N A D + on H PPR activity, the HPLC diagram shows with rising N A D + concentrations an increase of one special peak which can be relat ed to the substrate D H PP. One can therefore as sume that the reverse reaction does take place. Due to unspecific side reactions it was not possible to establish a spectrophotom etrical assay for the quantification of H PPR activity). During storage at -2 0 °C the enzyme loses 30% o f its ini tial activity within one m onth, after 10 weeks the loss of activity increases to 85%.
Substrates fo r H P P R
As electron donor H PPR accepts N A D H and NAD PH . The A^m-values are at 190 jjm for the first and 95 jxm for the last (Fig. 2 and Table I ). The
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Inhibition o f H P PR
Various potential interm ediates of RA biosyn thesis were investigated for their influence on HPPR activity with the aim o f detecting a possible mechanism of regulation of the biosynthesis. Caffeic acid and its CoA-ester, /?-coumaric acid, cin namic acid, cinnam oyl-CoA and coenzyme A do not affect H PPR activity, /?-coumaroyl-CoA in hibits the enzyme. At a concentration of 0.5 m M the inhibition reaches 50%. The enzyme is com pet itively inhibited by RA and pyruvate with ^-v a l ues of 210 pm for the first and 200 pm for the last.
The reduction of pH PP is completely blocked by preincubation with pyruvate (Fig. 4) but lactate has no significant effect.
Stereospecificity o f the reaction
It is not possible to isolate an adequate am ount of the reaction product to determine its stereo chemistry polarimetrically but during incubation of crude enzyme extracts with pHPP, NADH and caffeoyl-CoA rosm arinic acid is formed. This is due to a further metabolism of the reaction prod uct of H PPR by rosmarinic acid synthase. As it is known that rosmarinic acid synthase only accepts the /?( + )-stereoisomer of the phenyllactate, it is concluded that also the /?( + )-stereoisomer of pH PL is formed by HPPR.
Discussion
HPPR is an enzyme involved in RA biosynthesis isolated from cell cultures of Coleus blumei. The activity o f this enzyme is strictly correlated with the synthesis and accumulation of RA. The en zyme can be isolated from the soluble fraction of a cell extract and may be enriched by (N H 4)2S 0 4-precipitation.
Experiments concerning the substrate specificity of H PPR show that from the range of tested phenylpyruvates the enzyme has the highest affini ty for pHPP with a A^-value of 10 pM . As electron donor N A D PH is accepted by HPPR with a K mvalue of 95 p M , while the /Cm-value for N AD H is 190 p M . From the K m to vmax-ratios it is concluded that pHPP and NAD PH could be the natural sub strates in vivo. These data corroborate the assum p tion that hydroxylation at position 3 of the aro matic ring o f the DHPL-moiety of the RA mole E. H äusler et al. ■ H y drox y p h en y lp y ru v ate R eductase cule takes place at a later stage o f RA biosynthesis. Some of the experiments can give inform ation about the structure of HPPR or its reaction centre. The fact that HPPR activity is neither affected by DTT, which protects SH-residues of proteins, nor by /?-hydroxymercurybenzoate, which destroys them, leads to the conclusion that SH-groups do not play an im portant role in the active centre of the protein. The OH-group in para-position of the phenylpyruvate seems to be essential for the fixa tion of the molecule, since the phenylpyruvate without this /?-hydroxy-function is not accepted by HPPR.
De-Eknamkul and Ellis [6] and Zenk [7] have shown that RA accum ulation occurs during the growth phase of Anchusa officinalis and Coleus blumei cells. This observation is confirmed by the experiments with our cultivar of C. blumei (Fig. 1) . In all instances RA synthesis begins when phos phate is depleted from the medium. As a specific enzyme of RA biosynthesis H PPR shows a close relation to RA production, as well as the other en zymes involved in RA biosynthesis. The coordi nated rises of enzyme activities indicate that the parallel pathways may be coordinated. This as sumption is supported by the observation that only small am ounts of intermediates of RA bio synthesis can be found in the cells and that an exo genous supply of these intermediates cannot stim ulate RA production [8] . It has been reported that PAL can be inhibited by pHPP in Coleus blumei cells [9] and tyrosine am inotransferase by DHPL in Anchusa officinalis cultures [10] . RA inhibits HPPR, rosmarinic acid synthase [11] , cinnamic acid-coenzyme A ligase (unpublished results) and two o f three TAT activities in Anchusa cells [10] . This again suggests a coordinated regulation o f the two pathways. The inhibitory effect of p-coum aroyl-CoA on HPPR may indicate a coupling of the parallel pathways. To date a positively acting effector has not been found.
The purification of H PPR and other enzymes of RA biosynthesis as well as studies on the localiza tion and transport of RA will provide further in sight into the mechanisms o f RA biosynthesis.
